Massively parallel sequencing technologies have enabled characterization of genomic alterations across multiple tumor types. Efforts have focused on identifying driver mutations because they represent potential targets for therapy. However, because of the presence of driver and passenger mutations, it is often challenging to assign the clinical relevance of specific mutations observed in patients. Currently, there are multiple databases and tools that provide in silico assessment for potential drivers; however, there is no comprehensive resource for mutations with functional characterization. Therefore, we created an expert-curated database of potentially actionable driver mutations for molecular pathologists to facilitate annotation of cancer genomic testing. We reviewed scientific literature to identify variants that have been functionally characterized in vitro or in vivo as driver mutations. We obtained the chromosome location and all possible nucleotide positions for each amino acid change and uploaded them to the Cancer Driver Log (CanDL) database with associated literature reference indicating functional driver evidence. In addition to a simple interface, the database allows users to download all or selected genes as a comma-separated values file for incorporation into their own analysis pipeline. Furthermore, the database includes a mechanism for third-party contributions to support updates for novel driver mutations. Overall, this freely available database will facilitate rapid annotation of cancer genomic testing in molecular pathology laboratories for mutations. (J Mol Diagn 2015, 17: 554e559; http://dx.doi.org/10.1016/j.jmoldx.2015 Recent advances in DNA sequencing technology have enabled real-time cancer genomic testing of patients to facilitate matching genomic alterations to targeted therapies.
Massively parallel sequencing technologies have enabled characterization of genomic alterations across multiple tumor types. Efforts have focused on identifying driver mutations because they represent potential targets for therapy. However, because of the presence of driver and passenger mutations, it is often challenging to assign the clinical relevance of specific mutations observed in patients. Currently, there are multiple databases and tools that provide in silico assessment for potential drivers; however, there is no comprehensive resource for mutations with functional characterization. Therefore, we created an expert-curated database of potentially actionable driver mutations for molecular pathologists to facilitate annotation of cancer genomic testing. We reviewed scientific literature to identify variants that have been functionally characterized in vitro or in vivo as driver mutations. We obtained the chromosome location and all possible nucleotide positions for each amino acid change and uploaded them to the Cancer Driver Log (CanDL) database with associated literature reference indicating functional driver evidence. In addition to a simple interface, the database allows users to download all or selected genes as a comma-separated values file for incorporation into their own analysis pipeline. Furthermore, the database includes a mechanism for third-party contributions to support updates for novel driver mutations. Overall, this freely available database will facilitate rapid annotation of cancer genomic testing in molecular pathology laboratories for mutations. Recent advances in DNA sequencing technology have enabled real-time cancer genomic testing of patients to facilitate matching genomic alterations to targeted therapies. 1 Clinically relevant molecular subsets of cancer have been identified through initiatives such as The Cancer Genome Atlas and International Cancer Gene Consortium, which have helped characterize the landscape of cancer genomes and provided information on mutational patterns. Sequencing data have revealed that mutational rates vary within and across cancers, with lung and melanoma harboring a higher rate of somatic mutations due to tobacco and UV exposures, respectively. 2, 3 However, only a few represent driver mutations that provide a selective growth advantage, whereas most are passenger mutations. Therefore, it is often challenging to identify mutations that are clinically relevant drivers or potentially actionable through targeted therapies.
Although there are in silico approaches to predict potential drivers or alterations that are actionable, for accurate assessment, functional characterization of the mutation with alteration at the level of protein is essential. For industry or researchers, functional characterization is mandatory before pursuing drug development and testing a treatment hypothesis in clinical trials. To support the development of clinical trials for novel targeted therapies, molecular pathologists and genetics laboratory directors have implemented novel next-generation sequencing assays to test for hundreds of genes with appropriate analytic validity. 4e9 However, for clinical interpretation, laboratory directors face hundreds of mutations and must rapidly annotate drivers versus passengers for their potential functional and clinical significance in their reports. There is currently no comprehensive pan-cancer database of driver mutations defined by genomic position linked with primary source literature. On the basis of our multidisciplinary experiences in cancer biology, medical oncology, and molecular diagnostics development, we have curated a database of mutations, the Cancer Driver Log (CanDL), that has mutations with proven functional characterization or that have been targeted clinically or pre-clinically by either existing therapies or investigational agents.
Materials and Methods

Mutation Categorization
We reviewed the list of genes from the Sanger Cancer Gene Census (http://cancer.sanger.ac.uk/cancergenome/projects/ census; all URLs cited were last accessed on April 7, 2015) to categorize mutations that have been putatively implicated in cancer biology. 10 From this selection, we curated mutations in oncogenes that have proven functional characterization and are associated with an increased or decreased response (resistance) to an approved therapy or investigational agent clinically or preclinically after manual review of the scientific literature.
We defined requirements to qualify as a driver mutation to include in vitro or in vivo experimentation (Table 1) . For each gene, we obtained the following information: amino acid variant, cancer type, whether targetable clinically or preclinically, and the PubMed reference identification indicating functional evidence as listed in Table 1 .
Identification of the Genomic Position of Genes and Domain Information
To obtain genomic positions, we used BackLocate (https:// code.google.com/p/variationtoolkit/wiki/BackLocate). We entered genes and their associated amino acid changes and mapped them to all possible transcripts associated with that gene. Transcripts that failed to match the canonical amino acid at the specified site were discarded. To evaluate the performance of BackLocate, we manually inspected positions with the Integrative Genomics Viewer. 11 We used ANNOVAR to identify the chromosome location, exons, nucleotide positions, and amino acid change. 12 Positions not annotated by ANNOVAR were manually confirmed using the UCSC reference genes database. Variant alleles and external links were corroborated using custom Python scripts and the Biopython Entrez module (http://biopython.org/DIST/docs/api/Bio.Entrez-module.html). The final output was uploaded to the website (https://candl. osu.edu). To obtain domain information for proteins in the CanDL database, we used the BioMart tool of Ensembl release version 68 (http://useast.ensembl.org/biomart/ martview) to obtain InterPro protein identification. The InterPro identification numbers were then used to extract the domain information using the InterPro BioMart-0.7 tool (http:// www.ebi.ac.uk/interpro/biomart/martview), and custom Perl scripts were used to match protein domains in CanDL with InterPro.
In the future, we plan to update the database by using a semiautomated pipeline that combines data from genomic and protein databases using bioinformatics tools. Driver mutations identified from the literature are compiled into an input list for the pipeline. The pipeline uses the BackLocate tool from the Variation Toolkit to map out the genomic positions for protein alteration. These data would then be matched to the HUGO Gene Nomenclature Committee database (http://www.genenames.org), the Ensembl BioMart [Ensembl Genes 68 database, Homo sapiens (GRCh37.p8) data set], and the InterPro BioMart (InterPro Entry Annotation data set) to create a list of potential matches. Duplicate and mismatched results are automatically filtered and discarded. No fewer than two experts would then manually corroborate these entries before uploading into the CanDL database. Although partial automation helps to reduce the time for analyzing large data sets, no updates to the CanDL database will be performed without manual expert review to maintain data integrity and validity. We would aggregate new entries and plan to update the database on a quarterly basis.
Results
We have manually curated a database of driver mutations in cancers that are potentially actionable to support annotation Although the default output includes normal amino acid, peptide position, variant amino acid, cancer type, and the reference for a given gene, users have the option to customize output to include additional information (eg, exon, mutation coding DNA sequence, transcript). Importantly, mutations are defined by all potential genomic positions and nucleotide changes that may yield a given amino acid substitution that has been proven to be a functional driver. In addition, the references associated with matching alterations are categorized into four levels based on the strength of evidence of actionability (Table 2 ). Pathologists and laboratory directors seeking to annotate reports can either upload candidate mutations or download the entire log from the website.
We assessed the distribution and prevalence of mutations listed in CanDL across samples in cBioPortal, a database of large-scale cancer genomics data sets (Figure 1) . 13 Of the 56 genes in CanDL, 39 genes had matching alterations in cBioPortal. The heat map displays the number of samples in cBioPortal that had a corresponding mutation in CanDL distributed across a given gene (top 10 listed) and sample type. The most commonly observed mutations involved BRAF in thyroid and melanoma followed by KRAS in pancreas. However, because cBioPortal consists of largescale data sets for the 50 most common cancers, the prevalence of curated mutations in CanDL is unknown in other less characterized cancer types.
Next, we characterized the distribution of protein domains involved in this curated data set of driver mutations. Using custom Perl scripts, we matched the proteins in the CanDL database with their domain names and coordinates using Ensembl and InterPro. We obtained domain information for 50 proteins in the CanDL database and plotted the frequency of mutations across different domains as defined by InterPro (Figure 2 ). Nearly 50% percent of the mutations were observed in protein kinase domains. Notably, the rest were made up of alterations distributed across other domains underscoring the contribution of nonkinase mutations as drivers.
Discussion
Advances in next-generation sequencing technologies have enabled widespread adoption of analytically validated cancer genomic testing in molecular pathology.
4e9 Although the ability to detect genomic alterations across hundreds of genes has improved throughput and decreased cost, in clinical practice it is a challenge to distinguish and annotate driver from passenger mutations based on functional characterization. As molecular testing evolves to pan-cancer testing across multiple tumor histologic types, it will become increasingly difficult to have expertise across different diseases and pathways in which mutations may occur. Currently, laboratory directors must manually research individual mutations to determine the status as a driver or passenger and facilitate clinical interpretation. Therefore, the role of the CanDL database is to provide a laboratory director, molecular pathologist, or bioinformatician with a simple approach for rapid annotation based on genomic positions for driver mutations with direct literature evidence of functional characterization. There are several complementary databases or tools that facilitate annotation of germline variants, somatic mutation prevalence, gene-drug associations, linkage of selected hot spot mutations with drugs, and in silico prediction tools for potential driver function (Table 3) . ClinVar identifies associations between germline alterations and disease phenotypes.
14 cBioPortal and COSMIC provide a means for visualization and determination of frequency and spectrum of somatic mutations across publically available cancer genomics data. 13, 15 My Cancer Genome (mycancergenome.org) and MD Anderson Cancer Center personalized cancer therapy (https://pct.mdanderson.org) web resources deliver detailed, comprehensive summaries on selected driver mutations with therapeutic implications, including a list of potential clinical trials. The Drug-Gene Interaction Database 16 and Therapeutic Targeted Database 17 mine existing resources to generate known and potential gene target-drug associations. In addition, there are a few databases that incorporate in silico prediction tools to identify novel driver mutations in cancer. Cancer Driver Annotation predicts missense driver mutations in cancers based on a set of 96 structural, evolutionary, and gene features using functional prediction algorithms, such as SIFT (sorting intolerant from tolerant) and CHASM (cancerspecific high-throughput annotation of somatic mutations). 18 DriverDB incorporates annotation databases and algorithms with sequencing data to help identify and visualize driver genes related to particular tumor type or mutation profile across a cancer type. 19 The MutSigCV algorithm ranks mutations that occur more often than based on chance and background mutation processes. 3 Together, all these resources can be used to investigate and provide a clinical interpretation for a given somatic mutation.
Considering the large number of somatic mutations in cancers, annotation is a challenging task if performed ad hoc. CanDL allows users to download all the genes in the database or selected genes as a comma-separated values file for incorporation into their own pipeline for annotation. Users can also submit mutations to the website for ad hoc assessment. We acknowledge that there are some limitations in this first release of CanDL. We have focused on singlenucleotide substitutions in oncogenes and not on somatic fusions and copy number alterations that may also represent driver alterations. In addition, because mutations in tumor suppressors are typically deleterious, including frame shifts and truncations, the degree of functional characterization for (Figure 2 ), most curated genomic databases have focused on functional characterization of high-yield kinase mutations. In contrast, pan-cancer analyses of genomic databases have revealed insight into gain-of-function mutations in domains and regions that are not typically studied. For example, Grabiner et al 20 used publically available cancer genomic databases to identify missense mutations in the MTOR gene with clusters of recurrent mutations across all cancer subtypes and found functional activation of MTOR through mutations in nonkinase domains. In addition, Carpten et al 21 reported novel activating mutations in the pleckstrin homology domain of AKT1, encoding a serinethreonine protein kinase. Kin-Driver, a curated database of activating and inactivating mutations in protein kinases, exemplifies the kinase bias associated with known oncogenic drivers. Although fairly comprehensive and presented in an uncomplicated interface, it is limited to kinase domain mutations, and therefore driver mutations in nonkinase domains are missed (eg, pleckstrin homology domain mutation in AKT1). 22 We anticipate an expanding collection of driver mutations based on study of exceptional responders to targeted therapies, application of functional genomic screens, novel in silico approaches, and pan-cancer data sets that will facilitate identification and functional characterization of additional noncanonical drivers. For this reason, we have enabled CanDL to accept user submissions of novel mutations and feedback on existing alterations to keep the database up to date and accurate. Users can submit novel mutations to the CanDL website (http://candl.osu.edu/contact) with information on the gene, amino acid variant, cancer type, and associated reference(s). User submissions would be independently corroborated by our team and uploaded to the database.
Conclusion
We have created a curated database of cancer drivers. CanDL is not intended to replace the other available resources. On the other hand, it should be viewed as complementary in our ongoing efforts to support annotation and clinical interpretation and thus identify those variants that are most relevant to patient care. A concerted effort among pathologists, oncologists, and cancer researchers is essential to further identify and translate novel targetable alterations and thus realize the promise of personalized cancer medicine. jmd.amjpathol.org -The Journal of Molecular Diagnostics
